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Abstract
We demonstrate using inelastic scanning tunneling spectroscopy (ISTS) and simulations based on
density functional theory that the amplitude and sign of the magnetic anisotropy energy for a
single Fe atom adsorbed onto the Pt(111) surface can be manipulated by modifying the adatom
binding site. Since the magnitude of the measured anisotropy is remarkably small, up to an order
of magnitude smaller than previously reported, electron-hole excitations are weak and thus the
spin-excitation exhibits long lived precessional lifetimes compared to the values found for the same
adatom on noble metal surfaces.
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The ability to encode magnetic information in the limit of single atoms deposited on sur-
faces (adatoms) relies crucially on understanding and controlling the magnetic anisotropy
energy (MAE) and the underlying magnetization dynamics. The observation of giant MAE
of Co adatoms on the Pt(111) surface [1] has spurred many experimental and theoretical
investigations of this property in different nanosystems, towards the final goal of stabilizing a
single magnetic adatom. Two techniques have emerged over the last decade which allow for
single atomic spin detection, namely inelastic scanning tunneling spectroscopy (ISTS) [2–6]
and spin-resolved STS [6–8]. While hysteresis has yet to be found for an isolated single
adatom on a non-magnetic surface, it has recently been shown by these techniques that
artificially constructed ensembles of a few magnetic atoms show evidence of stability as a
result of either ferromagnetic or antiferromagnetic exchange interactions within the ensem-
ble [9, 10]. In these examples the substrate is paramount for establishing the magnetic
properties of the ensemble and can dramatically affect the spin dynamics. Ultimately, tai-
loring the magnetic properties on such length scales requires a proper description of the
strong hybridization between the adatoms and the surface, and how this affects the static
and dynamic properties of the magnetic moments.
It remains an open question how to appropriately describe the magnetization dynamics
of atomic spins placed on non-magnetic surfaces, as hybridization can dramatically alter the
magnetism of the adatom. A simple approximation is to describe the impurity as a molecular
magnet, namely to treat the magnetic moment as a quantized spin, and approximate the
crystal field produced by the substrate in terms of powers of spin operators [11]. While these
approaches describe transition metal adatoms on substrates where the atomic 3d states are
well localized [3, 5, 12], they fail to capture the importance of itinerant effects, like electron-
hole excitations, which arise when the magnetic moment is strongly coupled to conduction
electrons, as on a metallic surface [13, 14]. As we have previously shown, the itinerant
character of metallic surfaces must be considered in order to account for the measured
precessional lifetimes and the g-shifts of Fe adatoms [6, 15].
We report here on a surprising behavior: by monitoring the magnetic excitations of indi-
vidual atoms with ISTS, we show that Fe adatoms on Pt(111) exhibit a relatively low MAE
and long precessional lifetime. Moreover, these properties are strongly dependent on which
hollow site the adatom occupies. These findings are in stark contrast to those of Ref. [4]:
inelastic excitations, seen in the absence of a magnetic field, with characteristic energies of
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10 meV and 6 meV for Co and Fe respectively, were interpreted as magnetic excitations with
extremely short precessional lifetimes. After carefully reexamining the case of Fe adatoms,
we conclude that the MAE is an order of magnitude weaker and the precessional lifetimes
are up to two orders of magnitude longer than originally reported. Magnetic field depen-
dent measurements confirm these findings and reveal that the type of binding site can totally
reorient the preferred orientation of the magnetic moment (parallel/perpendicular to the sur-
face), and affect the strength of the MAE (Ea), the precessional lifetime (τ), and g-factor,
as demonstrated by atomic manipulation. We recapture these experimental observations
utilizing first-principles approaches based upon time-dependent density functional theory
(TD–DFT), from which we compute the MAE and magnetic excitations, and compare them
with effective spin Hamiltonian model calculations of the magnetic excitation spectra. We
show that the binding site dependence of the giant Pt polarization cloud created by the Fe
adatoms is crucial for describing the MAE and the spin dynamics, revealing the itinerant
nature of the system.
Scanning tunneling spectroscopy (STS) was performed in a home-built UHV STM fa-
cility at a base temperature of T = 0.3 K and in magnetic fields, B, up to 12 T applied
perpendicular to the sample surface [16]. The STM tip was etched from tungsten wire and
in-situ flashed to remove residual contaminants. The Pt(111) surface was cleaned in-situ
by repeated cycles of Ar+ sputtering and annealing to T = 740◦C, with a final flash at
T = 1000◦C. Subsequently, the clean surface was cooled to T ≈ 4 K and exposed to Fe
resulting in a distribution of single Fe atoms on the surface residing at two surface hollow
sites (fcc, hcp) [17]. The differential conductance (dI/dV ) was recorded with the feedback
off via a lock-in technique with a modulation voltage of Vmod = 40−200 µV and modulation
frequency fmod = 4.1 kHz.
Fig. 1(a-b) illustrates atomic manipulation [8, 17, 18] of an Fe adatom residing on the
Pt(111) surface induced by the STM tip between an fcc hollow site (Fefcc) to an hcp hollow
site (Fehcp). STS recorded on top of both Fefcc and Fehcp (Fig. 1(c)), before and after
manipulation, exhibits strong step-like features symmetric to EF below |VS| < 1 meV for
each binding site. These steps are characterized by their position (E), width (W ) and
intensity (I ). Fehcp shows a stronger excitation intensity and a narrower width as compared
to Fefcc at B = 0 T. STS done on many other Fe adatoms display the same behavior. The
step intensities are typically Ifcc ≈ 8% and Ihcp ≈ 12%. Such features can be identified as
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a tunneling-induced excitation of the adatom, when compared to the substrate [19]. Both
types of spectra can be reproduced by manipulating the same atom between different binding
sites, anywhere on the clean surface, demonstrating that the E, W , and I are binding site
dependent.
To confirm that we measure inelastic magnetic excitations, we apply a magnetic field [2]
and follow the behavior of the dI/dV spectra and their numerical derivatives d2I/dV 2
(Fig. 2(a-d)). The finite zero-field excitation energy (Egap), is typically E
fcc
gap ≈ 0.75 meV
and Ehcpgap ≈ 0.19 meV. For Fefcc, E shows a linear increase as the magnetic field increases
(Fig. 3(a)), like seen for Fe atoms on both Cu(111) and Ag(111) [6, 15]. On the other hand,
Fehcp shows an interesting non-linear behavior in E, W , and I as the field is increased
(Fig. 3(b)). For magnetic fields in the range of B = 0−3.5 T, there is a plateau-like behavior,
namely E, W , and I only change slightly. For B > 3.5 T, the magnetic excitation shows
a linearly increasing trend in E, I , W similar to Fefcc. In the following, these disparate
trends are interpreted as consequences of an out-of-plane MAE for Fefcc and an easy plane
MAE for Fehcp.
To analyze the connection between the MAE and the binding site, we performed DFT
calculations with the Korringa–Kohn–Rostoker Green function method (KKR–GF) in a
real-space approach [20, 21]. Pt(111) is notoriously challenging because of its high magnetic
polarizability [22, 23], owing to an extended polarization cloud which surrounds the magnetic
adatom, like seen for Pd [24–26]. In this light, we carefully checked all calculations. For
computational details see [17]. The computed spin moments are 3.40 µB (4.42 µB) for
Fefcc and 3.42 µB (4.57 µB) for Fehcp, where the values refer to the adatom (whole 3D
cluster — 62 Pt atoms), respectively. The orbital moments are for Fefcc 0.11 µB (0.23 µB);
Fehcp 0.08 µB (0.22 µB). The MAE yields E
fcc
a
= −2.05 meV (out-of-plane) and Ehcp
a
= +0.50
meV (easy plane). Here, it was crucial to include a large number of substrate atoms in order
to converge the calculation [17]. For a small cluster with 10-12 Pt atoms, calculations of
both Fehcp and Fefcc yield an out-of-plane easy axis with values for the MAE in-line with
those calculations based on a supercell KKR-GF method [4]. However, only after including
more than 60 Pt atoms, the calculated MAE finally converges and reveals a reorientation of
the MAE of Fehcp into the easy-plane configuration. This shows that the spin polarization
of the substrate generated by each Fe adatom type effectively reduces the total MAE, as
similarly discussed in Ref. [26].
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Fig. 3(a-b) show results of magnetic field-dependent spectra with high energy resolution,
at smaller field steps ∆B = 0.5 T. A subset of this data was already shown in Fig. 2 for
clarity. Following [3, 5, 12], an effective spin Hamiltonian model is used for phenomenological
analysis: HˆJ = DJˆ
2
z
+ gµBBJˆz [11, 17, 27]. This is the sum of the anisotropy energy and
the Zeeman energy. The model parameters are eigenvalue J , the anisotropy constant D
(negative for out-of-plane easy axis and positive for easy plane) and the g-factor. B is the
applied magnetic field which is out-of-plane here. The theoretical excitation spectra shown
in Fig. 3(c-d) are derived by considering an interaction sˆ · Jˆ + u1ˆ between the tunneling
electron and the impurity [28–31]. While the first term describes the exchange interaction
between the tunneling electron spin sˆ and the atomic spin Jˆ , u quantifies the strength of
elastic tunneling. As the hybridization of the moment with the substrate is strong, the
assumption of an isolated effective spin is not justified. Therefore, we mimic the effect of
the substrate electrons by introducing an artificial broadening of the excitation steps using
an effective temperature Teff to fit the experimental W , where T
fcc
eff = 2 K and T
hcp
eff = 0.8
K. The value of J was chosen to be closest to the DFT calculated total magnetic moments
of the whole cluster which includes the surrounding substrate, namely J = 5/2 for both
Fefcc and Fehcp. However, the qualitative behavior is the same for other values of J , as the
sign of D determines the phenomenology.
The results of modeling the data in Fig. 3(a-b) are shown in Fig. 3(c-d). Taking Dfcc =
−0.19 meV, Fefcc is understood to be always in an out-of-plane (maximum MJ) ground
state, as the excitation energy increases linearly with B. For Dhcp = 0.08 meV, Fehcp has
an in-plane (minimum MJ) ground state when B = 0. The plateau region corresponds to
the eventual transition of the ground state to out-of-plane (increasing MJ). Once this is
reached, at the indicated crossing point (gray arrow), the same linear behavior at higher
fields is observed like for Fefcc. It is important to note that, in addition to the spin excitation,
we cannot rule out a Kondo effect masked below the spin excitation for Fehcp. However, the
Kondo temperature is most likely below our measurement temperature [17] and is neglected
since we recapture the measurement in the modeling without considering a significant Kondo
effect. To compare the modeled spectra and the values of D to the DFT calculated values
the magnetic anisotropy energy Ea and the model anisotropy parameter D are connected by
the correspondence principle: D(J) = Ea/J(J +1). From the DFT calculations, we extract
the values, Dfcc(5/2) = −0.23 meV and Dhcp(5/2) = 0.06 meV, which are consistent with
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the experimentally determined model parameters. Itinerant effects such as the broadened
linewidth, the observed shift in g for Fefcc, and the field dependence of the linewidth are
beyond the scope of the model and will be discussed below in the context of TD–DFT
calculations of the dynamical magnetic susceptibility.
The precessional lifetime τ and g-factor were extracted by measuring E and W (FWHM)
as a function of magnetic field for many Fe atoms (Fig. 4(a-b)). We extract τ at zero
field by considering τ = ~/(2W0), where W0 is the intrinsic linewidth [32] derived from
gaussian fitting the numerically derived d2I/dV 2 spectra (Fig. 2(c-d)). The g-factor, where
g = dE/d(µBB), was determined from a linear fit to E(B) (after the plateau, in the case
of Fehcp). For Fefcc an enhanced g-factor is measured, gfcc = 2.4 ± 0.1, and τfcc(B=0T) =
0.70 ± 0.12 ps. The g-factor of Fehcp was fitted for B > 3.5 T, yielding ghcp = 2.0 ± 0.15.
The measured precessional lifetime is as large as τhcp(B=0T) ≈ 2.5 ps [33].
The measured values are in good agreement with the dynamical transverse magnetic
susceptibility χ computed from TD–DFT combined with the KKR–GF method [14, 34].
The effect of spin-orbit coupling is approximated by including an additional magnetic field
which mimics Egap. From the imaginary part of χ, which gives the density of states for
spin excitations, we extract the calculated excitation energy and width as a function of B,
shown in Fig. 4(c-d) [17]. By linear fits, we then extract g and τ . We obtain gfcc = 2.24
and ghcp = 2.18, illustrating the trend that Fefcc maintains a higher g-value as compared
to Fehcp. Inputting the experimental Egap for both cases, the calculated τ is found to be
larger for Fehcp (4.8 ps) than for Fefcc (1.2 ps), as experimentally observed. As spin-orbit
coupling was not included in these calculations, it is possible that it can modify the computed
values of the g-factor and of τ . The shift in g and the reduction of τfcc(B> 0T), τhcp(B>
3.5T) for increasing magnetic field result from spin-dependent scattering by conduction
electrons (Stoner excitations) which damp the spin precession, as previously observed in
related systems [6, 14, 15, 34]. Unlike Fe atoms on both the Cu(111) and Ag(111) surfaces,
Fe atoms on Pt(111) show comparatively larger precessional lifetimes (due to the lower
excitation energies), which decrease more weakly (dτ/dB) in a magnetic field than in the
aforementioned systems.
Previous measurements of inelastic excitations of single Fe atoms on Pt(111) [4], done in
the absence of a magnetic field, reported only one adsorption site, unlike the two observed
here, which exhibits a much smaller excitation intensity (dashed line Fig. 2(c-d)) occuring at
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energies 7−30 times higher than the energies at which we unambiguously observe magnetic
excitations. Measurements performed as a function of temperature, T = 0.3− 4.3 K [17] do
not exhibit any inelastic excitations for clean Fe adatoms, up to tunneling currents It ≤ 30
nA, that resemble those seen in Ref. 4. They do reveal, however, that at T = 4.3 K only
Fefcc displays a clear magnetic excitation but at an energy much lower than the previously
reported value. The effect of temperature simply broadens the excitation but does not shift
it. Aside from the striking dependence of the magnetism on the binding site dependence,
the values of τ measured here are two orders of magnitude larger than those reported in
ref. [4].
In conclusion, we find that Fe adatoms on Pt(111) exhibit a remarkably small MAE, in
stark contrast to Co atoms on Pt(111) [1]. The measured values are substantially lower com-
pared to what was previously reported [4], as well as compared to lighter substrates [6, 15].
Previous XMCD measurements of Fe/Pt(111) suggested small values of the MAE [35], but
the site dependence and magnitude of this quantity could not be extracted. Moreover, the
surprising finding that the type of occupied hollow site can completely alter the orientation
of the magnetic moment is illuminated by DFT when considering the contribution of the
large polarization cloud induced in the Pt substrate. A similar binding site dependence of
the MAE was previously predicted for Fe adatoms on Pd(111) [26]. Our measurements and
calculations reveal that, while Pt(111) sustains such a large polarization cloud (we consider
a radius ≈ 0.75 nm), it also gives rise to longer lifetimes and relatively weak damping due
to Stoner excitations for the Fe adatoms as compared to magnetic excitations of Fe on other
noble metal surfaces [6, 15]. This goes against what might be expected from the stronger
hybridization between the d-states of the adatoms and the d-states of Pt, as compared with
the sp-states near the Fermi energy from the Cu and Ag substrates. Given that the lifetime
of the spin precession is inversely proportional to the excitation energy, the much smaller
zero field magnetic excitation gap, controlled by the low MAE, is responsible for this be-
havior. These results illustrate that the behavior of Fe/Pt(111), a typical system used for
out-of-plane device technology, can dramatically change when scaled to the atomic limit.
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FIG. 1. STM constant-current images (a) before and (b) after manipulating the top left Fe adatom
from an fcc to an hcp hollow site on Pt(111). The center of the drawn black atomic lattice
corresponds to one of two possible hollow sites. (VS = 6 mV, It = 500 pA, T = 0.3 K; manipulation
parameters: VS = 2 mV, It = 50 nA). The colorscale represents ∆z = 0.12 nm. (c) ISTS of an Fe
adatom at an hcp site (red) and an fcc site (blue) as compared to the background spectrum on the
Pt(111) substrate (black). Each spectrum is vertically offset for clarity (stabilization: VS = 6 mV,
It = 3 nA, Vmod = 40 µV, T = 0.3 K)
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FIG. 2. Magnetic field dependent ISTS (dI /dV and numerical d2I /dV 2) of an Fe adatom on an
fcc site (a-c, normalized to the substrate) and hcp site (b-d, unnormalized). The spectra in (a) and
(b) are offset for clarity. . The dashed line indicates the previously reported excitation spectra for
comparison [4]. (stabilization: VS = 6 mV, It = 3 nA, Vmod = 40 µV, T = 0.3 K)
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FIG. 3. Magnetic field dependence of the measured ISTS intensity for (a) Fefcc (b) Fehcp and
the simulated ISTS intensity based on the effective spin Hamiltonian (see text) assuming: (c)
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